The Solar System harbors deep unresolved mysteries despite centuries-long study. Uranus and Neptune each contain three constituent regions 1 , namely a gaseous
2 hydrogen-helium atmosphere, a thick intermediate layer of "hot ices", and a rocky core.
The pressure and temperature in their atmospheres are insufficient to produce metallic hydrogen 2, 3 , and iron in their cores is probably in solid state 3, 4 and thus inconsequential in the dynamo model. The middle "ice layer" is therefore the most likely place to generate magnetic fields. This layer is estimated to possess 56% H2O, 36% CH4, and 8% NH3 in molar fractions 5 , and its pressure and temperature conditions range from 20
to 600 GPa and 2,000 to 7,000 K, respectively. The H2O in the form of superionic ice may constitute a large fraction of the ice layer 5-8 and ionic fluid water exists in the remaining outer part of the ice layer. The conductivity of the ionic ice, estimated to be 2 to 20 (Ω cm) -1 , is too small to generate the magnetic fields in Uranus and Neptune 9,10 .
The conductivity of the superionic ice is near 100 (Ω cm) -1 , which is still too small and need to be compensated by vigorous convection with flow velocities similar to those stirring Earth's liquid outer core (~100 m yr -1 ) to sustain a dynamo in a superionic ice layer, but the requirements for this scenario are considered unrealistic 7 .
It is known that CH4 becomes unstable and dissociates into C and H2 above 10 GPa and 2,000 K 11-14 , and NH3 reacts with water to produce molecular mixtures in the form of (H2O)(NH3)2 15 from 79 to 540 GPa. Given the estimated molar fractions of H2O, CH4, and NH3 in their ice layers 5 , the mantle regions of these planets are expected to host a hydrogen-rich environment with the H2O:H2 ratio reaching 13:18 assuming full dissociation of CH4 and complete mixing of NH3 with H2O in a ratio of 2:1.
Past studies examined miscibility of H2 and H2O in pressure and temperature ranges of 2-70 GPa and 1,000-6,000 K, respectively, 16 which do not correspond to conditions deep inside Uranus and Neptune. It remains a viable prospect that H2 could react with H2O, which is the most abundant component in the ice layer of these planets, to produce new compounds that may provide the material basis for generating magnetic fields.
We examined H2-H2O systems using an inhouse material structure search method 17, 18 .
Our search uncovered trihydrogen oxide (H3O) that is stable at 600 GPa (Fig. 1a) . This stoichiometry was previously reported but at much higher pressures (~14 TPa) 19 . The unit cell of H3O contains 64 atoms, and its hydrogen-oxygen covalent framework has a 3 H:O ratio of 2:1, with remaining hydrogen in the voids in the form of H2 molecules.
The basic structural unit hosts six distinct bond lengths and three different bond angles (Fig. 1c) . Adjacent basic units are nested, and the unit cell contains 4 basic units. The bond length in the H2 unit is 0.65 Å at 500 GPa, which is much shorter than that in solid hydrogen at ambient pressure (0.74 Å). Further assessments of formation enthalpy show that H3O is stable against decomposition to H2O and H2 above 450 GPa (Fig. 1b) . We examined pertinent pressure-temperature phase diagram using ab initio molecular dynamics (AIMD) simulations. Fig. 2 shows simulated mean square displacement (MSD) and trajectory of H3O at the density of 4.30 g/cm 3 . At 1,000 K, MSD values of hydrogen and oxygen atoms remain nearly constant (Fig. 2a) , showing the system in a stable solid state with all atoms near equilibrium positions (Fig. 2d) . At 3,000 K, MSD values for hydrogen atoms begin to increase, but values for oxygen atoms remain nearly constant (Fig. 2b) , signaling a transition into superionic state, corroborated by trajectory data ( Fig. 2e) showing that oxygen atoms remain near their equilibrium positions while hydrogen atoms diffuse. At further increased temperature (6,000 K), oxygen atoms also diffuse ( Fig. 2c and 2f ). Systematic calculations show that H3O transforms from solid to superionic state at 1,250 K at 4.30 g/cm 3 , then to liquid state at 5,250 K (see Fig. 3 ).
We also ran simulations for H2O at the density of 4.93 g/cm 3 and temperatures of 5,000-8,000 K, with the equilibrium pressure (~600 GPa) close to that for H3O at 4.30 g/cm 3 and 7,000 K. We find that H2O remains in a superionic state up to 7,000 K, where H3O enters a liquid state. We performed AIMD simulations using a supercell (Extended Data The isentropes of Uranus and Neptune pass through regions of the liquid phase of H3O above ~518 GPa, indicating that liquid H3O is viable deep inside these icy giants surrounding their rocky cores. From an estimated pressure-radius relationship for these planets 23 , liquid H3O can stably exist in a thin-shell zone between 0.32 R to 0.38 R from the planetary center (Fig. 3b) , where R is the total radius of the planet. 24 . Data points in filled circles, filled squares and filled triangles are AIMD simulation results at 4.14, 4.30 and 4.52 g/cm 3 , respectively. b, Schematic of planetary interior structure of Uranus and Neptune. The grey and white regions represent the core and outer gas layer, respectively. The purple, blue and orange areas represent regions dominated by ionic H2O, superionic H2O and liquid H3O, respectively. The pressure-radius relation is extracted from the estimate by Ravit Helled et al. 23 .
Electrical conductivity is crucial to understanding planetary magnetic fields in the dynamo theory. Our electronic bandgap calculations show that H3O has much lower metallization temperature (~5,000 K at 539 GPa) compared to H2O (~6,000 K at 587 GPa) (Extended Data Fig. 2a ). This result indicates that H3O turns into a metallic liquid in deep mantle regions of Uranus and Neptune; meanwhile, H2O remains superionic and does not turn into a metallic liquid at the highest temperature and pressure conditions (7,000 K and 600 GPa) in the ice layer of these planets. Calculated direct current (DC) electrical conductivity results (Extended Data Fig. 2b) show an abrupt increase of conductivity between 5,000 and 6,000 K for H3O, from 19 to 164 (Ωcm) -1 , which is consistent with the bandgap results. Meanwhile, electrical conductivity of H2O
shows no sudden change, and is an order of magnitude lower than that of H3O above 6,000 K (Extended Data Fig. 2b) . The metallization of H3O may be attributed to a similar mechanism underlying melting-prompted conduction in diamond 25 and N2 26 .
A 
Methods
We have performed extensive structure searches through a swarm-intelligence-based CALYPSO method and its same-name code, which enables global structure searching in conjunction with ab initio energetic calculations. This method has been benchmarked on various known systems. [31] [32] [33] [34] The DFT calculations are performed using the VASP plane-wave code 35, 36 , where the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation density functional 37 and frozen-core all-electron projector-augmented wave (PAW) potentials 38 The AIMD simulations are performed in the canonical (NVT) ensemble applying a Nosé thermostat. A system containing 128 atoms is used for H3O. Simulations reach 15 ps, with the first 2-5 ps for equilibrating the system. The time step is chosen to be 0.5 fs. A 2×2×2 k-mesh grid is used for the BZ sampling. To check for size effect, a larger system with 576 atoms is adopted. The transition temperature of this larger system is the same as that of the smaller system, confirming convergence regarding system size.
The simulated temperatures range from 1,000 to 7,000 K with a temperature step of 500 K, and we choose the temperature step in interested regions (1,000-1,500 K and 5,000-6,000 K) to be 250 K to investigate the phase-transition temperatures from solid to superionic phase, and then to liquid phase. The simulation cell of H2O contains 144 atoms. The Gibbs free energy (G) is calculated via quasi-harmonic approximation by the PHONOPY code. Gibbs free energy is defined at a constant temperature (T) and pressure (P) by the formula: G(T, P) = min [U(V) + PV + F phonon (T, V)], where U is the internal lattice energy, V is volume and F phonon is the phonon free energy.
, where ( , ) is the phonon density of states at frequency ω and volume V. The minimal value of G is found at the equilibrium volume for a given T and P.
The time-averaged bandgap is calculated by the PBE functional (50 configurations for averaging) and cross checked using the GW methods (10 configurations for averaging). For GW calculations, a 2×2×2 k-mesh grid is used for balancing accuracy and efficiency (Extended Data Fig. 4 ). Calculations show that the PBE and GW results are in good accordance, with consistent conclusion about H3O reaching metallic state (Extended Data Fig. 5 ) under the same pressure and temperature conditions. The timeaveraged DC electrical conductivity is calculated via the Kubo-greenwood formula 42, 43 using the KGEC code 44 , which is a post-processor module for use with Quantum Espresso 45 . To obtain converged conductivity results, 576 atoms for H3O and 540 atoms for H2O are used. A 3×3×3 k-mesh is used for BZ sampling. Each conductivity result is evaluated by averaging over 10 configurations.
Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable requests. 15-50 (1996) . Fig. 1 | Simulation of mixing 144 atoms of H2O and 48 atoms of H2 in a supercell. a, Initial construction of the supercell with the H2O and H2 components. b, A snapshot of the last step of the AIMD simulation at 4.30 g/cm 3 and 7,000 K. The density is chosen so that simulated pressures lie well inside the range of the ice layer in Uranus and Neptune. c, Comparison of radial distribution function of the equilibrated H2-H2O mixing and the corresponding result for the H3O phase described in the main text. The two sets of results appear nearly identical, highlighting the main conclusion that superionic H2O reacts with H2 to form H3O at the conditions of deep-mantle ice layers of Uranus and Neptune. Fig. 2 | Metallicity of liquid H3O . a, Evolution of time-averaged bandgap for H3O (at the density of 4.30 g/cm 3 , with an equilibrium pressure ~600 GPa at 7,000 K) compared with H2O (at the density of 4.93 g/cm 3 , with an equilibrium pressure ~600 GPa at 7,000 K) as a function of temperature obtained by using the GW method that is known to give reliable bandgap values. b, Calculated time-averaged direct-current (DC) electrical conductivity for H3O compared with the results for H2O as a function of temperature obtained using the Kubo-greenwood formula.
Extended Data

Extended Data Fig. 3 | Equation of states of H3O calculated by VASP and WIEN2K.
To test the adequacy of the pseudopotentials used in the calculations at high pressures examined in the present work, we have computed the equation of states of H3O by using the VASP code, which adopts the pseudopotentials, and compared the results against those obtained using the full potential as implemented in the WIEN2K code. Calculated results presented here show that these two computational methods produce nearly identical data, thus validating the pseudopotentials adopted in the VASP calculations over the wide pressure-volume range examined in the present work. Fig. 4 | Convergency test of the time-averaged electronic density of states for H3O with respect to the k-mesh grid used in the GW calculations. To balance computational efficiency and reliability, we have performed convergency test on k-mesh adopted in the calculations of electronic density of states reported in the present work. The calculations were performed at the density of 4.30 g/cm 3 , with an equilibrium pressure ~600 GPa at 7,000 K. A comparison of the computed data obtained using a 2×2×2 and a 4×4×4 mesh indicates that the former set of results is well converged, and therefore the 2×2×2 mesh is employed in the calculations of the timeaveraged electronic density of states presented in the main text. Fig. 5 | The time-averaged electronic density of states of H3O at 7,000 K by the PBE-GGA functional and the GW method. Two sets of calculations were performed to examine the reliability and consistency of the results obtained from computations using the PBE functional and the GW method. The calculations were performed at the density of 4.30 g/cm 3 , with an equilibrium pressure ~600 GPa at 7,000 K. Results presented here show that both methods produce consistent outcome indicating that H3O is metallic at 7,000 K, despite some quantitative differences in charge distribution, which have no impact on our main conclusions about the key benchmarks on metallicity of H3O under the physical conditions studied here.
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